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We present a quantitative study of the second voltage derivative (SD) of ballistic electron
emission spectra of AuyGaAsyAlGaAs heterostructures to probe the effect of electron scattering on
these spectra. Our analysis of the SD spectra shows that strong electron scattering occurs at the
nonepitaxial AuyGaAs interface, leading to an experimentally observed redistribution of current among
the electron transport channels. We also show that the effects of hot-electron scattering inside the
semiconductor modify the spectra and are sensitive to the heterojunction band structure, its geometry,
and temperature. [S0031-9007(99)09041-9]
PACS numbers: 72.10.Fk, 73.20.At, 73.40.Kp, 73.50.GrBallistic electron emission microscopy (BEEM), a
three-terminal modification of scanning tunneling mi-
croscopy, has recently been shown to be a powerful
tool for nanometer-scale characterization of the spatial
and electronic properties of semiconductor structures.
Since the pioneering work of Kaiser and Bell [1], the
capability of BEEM to probe the electronic properties of
semiconductors on the local scale has been demonstrated
for several systems, including Schottky contacts [2–4]
and buried heterojunctions [5–7].
The shape of the BEEM spectrum in the threshold
region has to be known in order to derive the correct
Schottky or heterojunction barrier energies. Several theo-
retical models were developed to describe the experimen-
tal BEEM spectra. Two commonly used models, based
on a planar tunneling formalism [8] and on the trans-
verse momentum conservation at the metal-semiconductor
(m-s) interface, are the Bell-Kaiser (BK) model [9] and
the Ludeke-Prietsch (LP) model [10]. The LP model
extends the original BK theory to include the energy-
dependent electron mean free path (mfp) in the metal base
layer and the quantum mechanical transmission at the m-s
interface. Experimentally distinguishing between the BK
and LP models is still difficult, because the quantitative
difference between them is comparable with the experi-
mental error, and both of them can fit experimental data
reasonably well [6,11,12]. Recently, BEEM theory was
extended to the case of buried heterostructures [13], where
transmission at the heterojunction interfaces in addition to
the m-s interface was considered.
The assumption of transverse momentum conservation,
made in the above models, is questionable for the case
of nonepitaxial m-s interfaces, which are not atomically
abrupt. A deviation from the ballistic picture was experi-
mentally observed, e.g., for AuySi [14], PdySi [15], and
AuyGaAs [1,6]. To consider electron scattering at the0031-9007y99y82(18)y3677(4)$15.00m-s interface, the m-s interface-induced scattering (MSIS)
model was proposed in Ref. [16]. In the strong scatter-
ing limit, this model was found to describe the absolute
magnitude of the experimentally observed BEEM current
for AuyGaAs and AuySi systems. However, since the
observed BEEM spectra are a superposition of current
contributions from several different transport channels,
it is difficult to conclusively extract the different conduc-
tion bands contribution directly from the BEEM spectra
fitting.
In this Letter, we report on BEEM spectroscopy of car-
rier transport through AuyGaAsyAlGaAs heterojunctions.
The focus of our study is on the second voltage deriva-
tive (SD) of the BEEM spectra in an effort to better un-
derstand the effect of carrier scattering in the metal, at
the m-s interface and in the semiconductor on the BEEM
spectra. The SD-BEEM spectra approximately repre-
sent the heterostructure transmission coefficient [13]. The
SD-BEEM spectrum, therefore, allows a direct measure-
ment of the explicit energetic partitioning of current
through the different transport channels.
The GaAsyAlGaAsyGaAs single barrier (SB) structures
were grown on n1 (001)-oriented GaAs substrates by
molecular beam epitaxy (MBE). The structures consist of a
500 Å undoped GaAs buffer layer, a p-type (Be) d-doped
sheet, a 500 Å GaAs spacer layer, a 50 Å AlxGa12xAs
barrier, and a GaAs cap layer. The Be sheet doping con-
centration of NA ­ 1.2 3 1012 cm22 was designed to
compensate for band bending leaving a flat band hetero-
structure in equilibrium at T ­ 300 K. A detailed
analysis is presented here for the SB structures with Al
compositions of 0.1, 0.2, 0.3, and 0.42. For each Al
composition, a pair of samples were grown with differ-
ent GaAs cap layer thicknesses of 50 and 300 Å. For
comparison, we present also results for a 1 mm undoped
GaAs layer grown on n1 GaAs substrate, the reference© 1999 The American Physical Society 3677
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the samples were grown consecutively in the same MBE
machine. To fabricate diodes for BEEM, Au layers were
deposited by thermal evaporation on the GaAs cap layer
to form the metal base and indium Ohmic contacts were
soldered to the back of the n1 GaAs substrate to form the
collector contact. The Au contacts were nominally 1 mm
in diameter and 65 Å thick. The details of the fabrication
procedure were published elsewhere [6]. The measure-
ments were performed in a Surface/Interface AIVTB-4
BEEM/STM (scanning tunneling microscopy) using a Au
tip. Room-temperature experiments were performed in
air, while for the lower temperature experiments, the STM
head with a sample was immersed in cold He exchange
gas in a nitrogen-cooled dewar. The tip-to-base voltage
sVtd was varied between 0.7 and 2 V to acquire the
collector current sIcd while keeping a constant tunneling
current sItd of 4 nA. A typical BEEM current value is
,40 pA at 0.5 V above the threshold, and a typical noise
level is about 0.5 pA. We found for all samples that the
magnitude and shape of BEEM spectra were consistent
and reproducible both for different areas on the same
sample and for different diodes from the same wafer,
indicating the high quality of the diodes used in this study.
The spectra were typically averaged for several thousand
scans to improve the signal-to-noise ratio.
A BEEM spectrum is presented in Fig. 1(a) for the ref-
erence GaAs sample. The inset of this figure shows a
schematic band diagram of the experiment. The SD spec-
trum was extracted from the experimental BEEM spectra
FIG. 1. The room-temperature BEEM (a) and SD-BEEM (b)
spectra of the 1-mm undoped GaAs layer grown on n1 GaAs
substrate. The MSIS model calculations (dashed lines) are
also presented for three values of h, the electron scattering
probability at the m-s interface. The inset of (a) shows a
schematic band diagram of the samples under study.3678by numerical differentiation with a 10 meV window, and
is shown in Fig. 1(b). One can see clearly pronounced
features in the SD-BEEM spectra. We associate these
features in the room-temperature SD spectrum with the
G and L conduction minima in GaAs. The absence of a
contribution from the X conduction minimum will be dis-
cussed later.
To verify the identification of the observed SD-BEEM
features with the transport through different conduc-
tion bands, a comparison of room-temperature SD-BEEM
spectra for five different Al composition SB heterojunc-
tions is shown in Fig. 2. All of the heterostructures stud-
ied utilized an undoped GaAs cap layer and the same
preparation procedure, providing a uniform Schottky bar-
rier height for the heterostructure experiments. The dif-
ferences in the BEEM spectra for the various samples are
due to the buried heterostructure.
The data presented in Fig. 2 show a clear increase in
the BEEM threshold with increasing Al content. One
can distinguish two features in the SD spectra for Al ­
0.0, 0.1, and 0.2. These two observed features shift
towards higher voltages and converge gradually into one
peak as the Al concentration increases. This behavior
is consistent with the expected reduction of the energy
separation between G and L conduction minima with the
increase of the Al content [6,17].
The SD-BEEM spectra show an obvious deviation from
model calculations that assume transverse momentum
FIG. 2. Room-temperature SD-BEEM spectra for five differ-
ent Al compositions (solid lines). For clarity, the SD-BEEM
spectra are shifted along the vertical axis. Thin solid lines are
guides for the eye for the peaks’ position development. The
MSIS model calculations are also presented. The model calcu-
lations show the separate G and L valley contributions (dotted
lines) and their sum (dashed lines).
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rent is found to be significantly larger than the G-electron
collector current, whereas, if transverse momentum con-
servation is assumed, the contribution of the off-axis L
minima can give only a very small BEEM current near the
onset, whereas the G minimum gives a very large BEEM
current. A likely explanation for the observed BEEM cur-
rent due to off-axis valleys is that additional transverse
momentum is provided by scattering at the nonepitaxial
m-s interface. The possible effect of electron multiple
reflection either at the heterostructure interfaces (since
this mechanism would amplify mainly the current of the
G electrons which have the longest mfp in the semicon-
ductor heterostructure) or in the metal (the metal layer
is thick enough that a multiple reflected component is
strongly damped) is small and cannot explain the ob-
served strong L-electron transmission and the compara-
tively weak G-electron transmission.
The small X-channel contribution to the SD-BEEM
spectra is an unexpected result. One of the three X points
projects on the G direction of the surface Brillouin zone
and therefore, independent of whether transverse momen-
tum conservation takes place or not, the contribution of
the X electrons to the BEEM current is expected to be
large. This result can be explained by electron scatter-
ing in the semiconductor. The mfp for the G, L, and
X electrons near the corresponding threshold energy at
T ­ 300 K in GaAs are ,1000, ,100, and ,10 Å [5],
respectively. These mfp’s decrease with increasing elec-
tron energy above threshold. The heterostructure thick-
ness, that is, the combined thickness of the GaAs cap layer
and the SB layers is 100 Å. Thus the X electrons contri-
bution to the BEEM spectrum even near threshold will be
highly attenuated.
The X-channel attenuation may also be influenced by
the image potential [11,18]. The Schottky barrier is
not spatially abrupt. The image potential results in a
lowering of the effective barrier height by DEs and in
the barrier maximum shifting away from the interface
toward the semiconductor by a distance Dz. Taking
ND ­ 5 3 1015 cm23, «s ­ 12, Es ­ 0.92 eV at T ­
300 K for a typical AuyGaAs Schottky contact, we
obtain DEs ø 20 meV and Dz ø 30 Å. While the image
potential-induced reduction of the effective AuyGaAs
Schottky barrier is small, a Dz of 30 Å is larger (at
300 K) or comparable (at 85 K) to the expected mfp for
the X electrons. The X electrons are scattered in the
region between the metallurgical m-s interface and the
maximum of the barrier height, and this is temperature
dependent.
To experimentally demonstrate that scattering inside the
semiconductor structure influences our measurements, we
compare the BEEM spectra for pairs of samples with
the same Al composition but with cap thickness of 50
and 300 Å. Changing the cap thickness in the range of
50–300 Å should affect mainly the L-electron contribu-tion to the BEEM current. The SD-BEEM spectra of the
GaAsyAl0.2Ga0.8AsyGaAs SB samples and the GaAs ref-
erence sample are shown in Fig. 3 at T ­ 85 and 300 K.
These data are representative of measurements on sev-
eral pairs of heterostructures. One sees from Fig. 3 that,
at T ­ 300 K, the L-electron contribution for the sample
with a 300-Å-cap layer is reduced by a factor of ,3 as
compared with the 50-Å-cap layer sample, whereas the
G-electron contribution is about the same for the two
samples. One also sees that a new feature due to the
X-electron contribution shows up in the GaAs reference
and the 50-Å-cap layer sample at T ­ 85 K.
The mfp for electrons in GaAs increases with decreas-
ing temperature, since the main scattering mechanism is
electron-phonon scattering. As the temperature is de-
creased from 300 to 85 K, the calculated mfp near the
energy threshold increases from ,1000 to ,1500 Å for
G electrons, from ,100 to ,300 Å for L electrons, and
from ,10 to ,30 Å for X electrons. This change in mfp
is in accord with the temperature dependence of the SD-
BEEM spectra shown in Fig. 3. In addition to the spec-
trum shift expected from the temperature dependence of
the energy gap, a strong increase of the signal is observed
for the L electrons in the SB sample with the 300-Å-cap
layer as the temperature decreases from 300 to 85 K. In
addition, one can see in Fig. 3 that the temperature de-
crease results in the broadening of the high-voltage peak
in the SD-BEEM spectrum of the reference GaAs sample.
We attribute this broadening with an increased X-electron
contribution to the collector current, so that the observed
high-voltage feature contains contributions from both the
L and X transport channels.
FIG. 3. SD-BEEM spectra for the reference GaAs sample
and GaAsyAl0.2Ga0.8AsyGaAs SB samples with 50 and 300 Å
GaAs cap layers, taken at T ­ 300 K (solid curves) and
T ­ 85 K (dotted curves). For clarity, the spectra are shifted
along the vertical axis.3679
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BEEM spectra for the reference GaAs sample. We use the
MSIS model of Ref. [16], modified to include anisotropy
of the electron effective mass in the L valleys, the energy
dependence of the electron mfp in the metal base, and fi-
nite temperature. (These improvements in the theory lead
to a somewhat better agreement with the experimental re-
sults, but the difference is not fundamental.) According
to the preceding discussion, we neglected any contribution
from the X electrons. The MSIS model fit describes the
experimental BEEM spectrum reasonably well. The SD-
BEEM spectrum clearly separates the contributions from
the G and L electrons; thus, describing the SD-BEEM
spectrum quantitatively is a sensitive test of the model.
The probability of electron scattering at the m-s inter-
face was adjusted to fit the BEEM and SD-BEEM spectra.
These spectra are best described with an 85% probability
of the electron scattering at the m-s interface. For com-
parison, theoretical curves for the cases without scattering
and with 100% scattering are also shown.
The MSIS model fits to the SD-BEEM spectra of the
SB structures are shown in Fig. 2. The best fits are ob-
tained with the scattering probability at the m-s interface
varying between 85% and 92% for the different samples
[19]. This small variation in the scattering parameter indi-
cates that our diode fabrication procedure is reproducible
and results in approximately the same quality of the m-s
interface. Despite the general agreement between the
model and the experiment, there is a discrepancy at the
high-voltage side of the SD-BEEM spectra; the experi-
mental SD-BEEM spectra decrease more steeply than the
calculated ones. This discrepancy is due to scattering in
the GaAs and the reduced mfp at higher energy which is
not included in the model.
In conclusion, we showed the power of the SD-BEEM
spectroscopy in probing the processes affecting the multi-
valley hot-electron transport in the AuyGaAsyAlGaAs
structures. To reliably extract the SD spectra from the
original BEEM spectra, both the BEEM current homo-
geneity and amplitude are important. In contrast to the
primary BEEM spectra, the SD-BEEM spectra exhibit
explicit energetic separation for the different transport
channels. The analysis of the second voltage derivative
of the BEEM shows that, while initial electron distribu-
tion among the conduction bands of the semiconductor is
specified by the m-s interface scattering, with the scat-
tering of the electrons into the L and X valleys at the
expense of the ballistic component provided mainly by
G electrons, further electron transport is governed by the
difference in the electron mfp for the G, L, and X elec-
trons. As a consequence, BEEM can be characterized, in
addition to its spatial resolution, by its depth resolution.
As the heterostructure, characterized by several transport
channels, is buried deeper, the information about these
conduction channels is gradually reduced, starting from
the transport channel with the shortest electron mfp.3680We acknowledge the support of the National Science
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